Persian walnut (Juglans regia L.) trees are among the plants sensitive to abiotic stresses. Existing very old Persian walnut trees in Asia, planted hundreds years ago, may possess valuable stress resistance genes that help them cope with unfavourable environmental conditions. We have been collecting drought and salt tolerant cultivars of walnut from around the world, work which is still continuing, and we have identified some walnut seedlings that are very tolerant to drought and salt stresses at the germination stage. Mechanisms of adaptation and tolerance in selected walnut rootstocks were investigated. The results of our work on walnut tolerance to abiotic stress, and that of others, will be discussed in this paper. According to the literature, cavitation avoidance via stomatal regulation and petiole segmentation is a likely physiological response to abiotic stress in walnut, particularly in sensitive genotypes. Hot and dry weather reduces photosynthesis and potential productivity in walnut, even in the absence of soil water deficit, but some promising genotypes show sufficient net assimilation rate and photosynthesis under abiotic stress conditions. Walnut roots are mainly distributed in the upper soil layers, which lose efficiency in water uptake during the dry season. Differences among walnut genotypes in activity of anti-oxidative enzymes could be attributed to differences in the mechanisms underlying oxidative stress injury and subsequent tolerance to abiotic stresses. Higher proline accumulation observed in walnut seedlings tolerant to osmotic stresses was accompanied by higher activity of antioxidative enzymes. These results suggest that proline accumulation could activate the anti-oxidative defence mechanism in walnut trees. Biotechnology approaches for resistance to abiotic stresses in walnut are rare. One of the first attempts by our team has been transformation of Persian walnut with a flavodoxin gene (fld) isolated from a cyanobacteria. Plantlets of walnut expressing the fld gene clearly grew better in vitro in the presence of 200 mM NaCl than did non-transgenic controls. Control plants did not produce any callus, turned brown, and died after 10 days, while transgenic lines showed no brown symptoms, produced callus, and continued their growth for up to 45 days on 200 mM NaCl. Walnut transformation with a betaine aldehyde dehydrogenase (badh) gene is also under study.
INTRODUCTION
More than 800 million hectares of land throughout the world are currently saltaffected (FAO, 2008) . Continuing salinization of arable land is expected to have overwhelming global impact, resulting in a 30% loss of agricultural land over the next 25 years and up to 50% loss by 2050. Global warming, along with low rainfall, high evaporation, saline irrigation water, and poor water management, all contribute to losing agricultural lands. Kofi Annan has proposed a "Blue Revolution in Agriculture" as we enter the current millennium, which means increasing productivity per unit of water to achieve "More crop per drop" (Vahdati and Leslie, 2013) . To improve the efficiency of plant water use and ability to cope with abiotic stresses, two strategies are proposed; Proc. VII th International Walnut Symposium Ed.: Jianbao Tian Acta Hort. 1050, ISHS 2014 1) utilization of the vast biodiversity available for selection and breeding, and 2) use of genetic and molecular techniques.
Walnut trees need large amounts of water for optimum growth and productivity and are among the more sensitive plants to abiotic stresses . The majority of walnut trees in the world are propagated by seed or by grafting onto seedling rootstocks. Hence, there is huge genetic diversity for rootstock traits (Vahdati, 2003) . Finding genetic resources tolerant to abiotic stress at different plant growth stages is important for such arid and semi-arid regions.
On the other hand, while much has been achieved in recent years in developing plants that are genetically engineered for resistance to herbicides, pests and diseases, production of plants engineered for tolerance to abiotic stress has not been progressed as rapidly. This is largely due to the more complex genetic mechanisms involved in tolerance to abiotic stresses. Function of two genes (fld and badh) in walnut under in-vitro conditions will be discussed in this paper.
Abiotic stresses cause a series of changes in plants that adversely affect growth and productivity. In this paper, we reviewed morphological, physiological and molecular responses of walnut trees to abiotic stresses.
MATERIALS AND METHODS
For those experiments conducted by Vahdati et al. (2009) and Lotfi et al. (2010a) , half-sib seeds of sixteen open pollinated walnut (J. regia L.) cultivars ('Z30', 'Z53', 'Z67', 'Z60', 'Z63', 'K72', 'B21', 'V30', 'Panegine 20', 'Hartley', 'Pedro', 'Vina', 'Lara', 'Serr', 'Ronde de Montignac' and 'Chandler') were supplied by the Seed and Plant Improvement Institute (SPII), Karaj, Iran.
RESULTS AND DISCUSSION
Morphological Responses 1. Root Growth. In the dry season, plants with deep root systems are believed to take water from the deep soil layers, thereby avoiding or minimizing water stress (Sarmiento et al., 1985) . Of interest is that deep water resources can compensate for drought in the air and upper soil layers. This may be one reason Juglans regia, which has an extensive root system, has a wide distribution in the mountainous regions of northern, central and west Iran and northern China (Paris et al., 2005; Rosati et al., 2006) .
Walnut roots were mainly distributed in the upper soil layers at our study sites and likely in the whole region. Soil moisture was a key factor regulating root growth and water uptake efficiency of the roots. The shallow roots had reduced efficiency in water uptake in the dry season, and therefore J. regia was compelled to extract a greater ratio of water from the deep soil layers. However, the shift was not able to prevent water stress in the plants, which were characterized by increased pre-dawn branch xylem PLC (percentage loss of hydraulic conductance), reduced pre-dawn leaf water potential and transpiration with soil drying. In addition to serving as an indicator of water sources, changes in the stable-hydrogen isotope (δD) values in walnut branch xylem water reflected plant water status and the severity of soil drought (Sun et al., 2011) . 2. Shoot Growth. In walnut, the maximum decrease in shoot fresh weight was observed after 4 days of osmotic stress treatment. Response of half-sib families differed as the severity of water and salt stress increased. Under severe osmotic stress (-1.50 MPa), offspring of 'Panegine 20' and 'Chandler' produced the greatest shoot fresh weight. Abiotic stress experiments on one-and two-year-old progeny of promising walnut cultivars showed the same trends Vahdati et al., 2009) .
Stem thickness of seedlings of sensitive and semi-tolerant walnut genotypes decreased significantly in response to increased osmotic stress. The angles between the main stem and lateral branches and between lateral branches and leaf petioles are the most suitable morphological markers for use in screening walnuts for osmotic stress resistance. Under stress, the angles between the main stem and the lateral branches, and especially between lateral branches and leaf petioles, showed significant decreases. The leaf area index of walnut stands may also decrease after severe drought, due to an abnormal shedding of older leaves (Lotfi et al., , 2010b . 3. Seed Germination. The germination percentage of walnut seeds of 18 cultivars decreased significantly in response to decreased (more negative) water potential and increased salinity level. Decreasing the water potential to -1.0 MPa reduced the germination of all seedlings to less than 50% and at -1.50 MPa, the germination decreased to less than 25% ). Drought and salt stress treatment results were unaffected by the size of seeds or seed weight and there was no significant correlation between percent germination and either seed or kernel weight. Seedlings of walnut cultivars showed differential responses to salt stress under greenhouse conditions. Increase in salinity levels decreased root and shoot lengths, diameters, and fresh and dry mass, especially those of shoots. Seedlings of 'Lara' and 'Chandler' were most and least affected by salt stress, respectively. Increase in salinity levels was accompanied by a substantial decrease in root relative water content (RWC). Seed germination rates were generally more rapid in control (no salt stress) than in salt containing media. The final germination percentage (FGP) values were significantly lower at higher salinity levels and there were also differences in FGP among genotypes .
In a study of seeds 18 walnut cultivars, the lengths of nuts varied from 2.07(±0.47) cm for 'Lara' to 4.08(±0.78) cm for 'K72'. Seed size was examined as a possible factor affecting germination in stressed media. Within the range of seed sizes studied, we did not observe any significant differences in the germination response and analysis failed to show any relationship between percent germination and seed weight under both salt and drought stress (Vahdati and Leslie, 2013) . Parker and Pallardy (1985) demonstrated genetic variation in the drought response of leaf and root tissue water relations of seedlings of eight sources of black walnut (Juglans nigra L.) using the pressure-volume technique. Tissue water relations were characterized at three stages of a drying cycle during which well-watered plants were allowed to desiccate and then were re-irrigated. Due to greater elasticity, roots exhibited a more gradual decline in turgor and total water potential than did leaves as tissue relative water content decreased. 2. Stomatal Responses. Walnuts close stomata under high leaf-to-air vapor pressure deficit (VPDl) or low leaf water potential (Ψl), preventing the stem water potential (Ψs) from becoming lower than -1.4 MPa, the point at which cavitation occurs in the xylem (Sun et al., 2011; Tyree and Sperry, 1988) . Hence walnut has been defined as a "drought avoider" (Lucier and Hinckley, 1982) . The daily course of Ψs and gas exchange was examined in a previous study by Rosati et al. (2006) . Stem water potential (Ψs) decreased during the day and was lower in droughted than in control trees. The lowest average Ψs values were -1.2 MPa in droughted trees and -0.4 MPa in control trees.
Physiological Responses 1. Plant Water Status.
A study of walnut leaf stomatal density revealed that the shape and volume of stomata differed significantly among genotypes. Seedlings tolerant or semi-tolerant to drought had a small volume of guard cells and high stomatal density especially in the abaxial epidermis of leaves. These genotypes have a high potential to maximize CO 2 entry to the leaf for photosynthetic carbon fixation and the stomata close quickly to reduce transpiration under conditions of abiotic stress . 3. Xylem Embolism. In these species, petioles disconnect the vascular flow to the leaves from the stem through massive cavitation during drought and avoid irreversible damage to perennial parts of the tree. Fewer data are available for root vulnerability than for branches but in several cases roots have been found to be less vulnerable (Hukin et al., 2005; Froux et al., 2002) . Regardless of mechanism, embolism repair after drought remains a costly process requiring metabolic energy to generate the necessary positive pressure.
At elevated CO 2 , the decreased osmotic potential, symplasmic water fraction, and rate of water transport increased the modulus of elasticity and no changes in the formation of xylem embolism were found in tolerant walnut cultivars. Embolism and cavitation are important factors which influence the tracheid volume of walnuts in stressed environments (Sun et al., 2011) . 4. Gas Exchange. Hot and dry weather reduces photosynthesis and potential productivity in walnut, even in the absence of a soil water deficit (Rosati et al., 2006) . 5. Delayed Consequences of Drought. In 1986, Dreyer and Mauget studied the immediate and delayed effects of summer drought on development of young walnut trees (J. regia). Unlike other trees, walnuts showed no detectable residual effect in the timing of spring bud burst the following growing season. Irreversible drought-induced damage leads to organ dysfunction but it seldom results in direct and immediate tree decline and mortality.
Molecular Responses 1. Mineral Composition and Ion
Homeostasis. Lotfi et al. (2010a) tested the mineral composition of seedlings of various walnut cultivars under both salt and drought stress. Their results showed that differences in the range of sodium accumulation in comparison with other minerals at different salt and drought stress levels is very low. In the shoots of the sensitive cultivars ('Lara', 'Vina', and 'Serr') had significantly higher sodium contents than other cultivars ).
In salt-treated seedlings, the average sodium content was nearly twice that of controls and ranged from 0.52 to 7.92 mg g -1 DW. The 'Chandler' seedlings had significantly less sodium content than the others. Sodium levels in roots were higher than in the shoots in almost all genotypes, especially in seedlings of tolerant and semi-tolerant cultivars. In contrast, the increase in sodium content was more evident in shoots of sensitive and semi-sensitive genotypes. Results of mineral composition analysis showed that the calcium and potassium accumulations increased with increase in salt and drought stress levels, especially in shoots of semi-sensitive and tolerant genotypes. Also, differences in magnesium accumulation in root and shoot samples were significant at all stress levels and were dependent on cultivar .
We observed differential responses in the uptake of sodium and in the pattern of germination in seedlings of walnut cultivars which could account for the differences in response to salinity. Possibly half-sib seedlings of 'Chandler', which accumulated significantly less sodium in shoots, have mechanisms for sodium exclusion at the root level, which reduces sodium uptake and its translocation to the shoot tissues. Our results confirm a negative relationship between sodium accumulation in the shoots and its effects on shoot growth of 'Chandler' seedlings. The negative effect of long-term salt stress on shoot growth of 'Lara' seedlings is probably due more to sodium toxicity than to osmotic effect. The excess sodium either can be actively accumulated in the vacuole or be excreted into apoplast .
During germination of walnut seeds, an increased content of potassium, calcium, phosphorus, and nitrogen was partitioned into the plumule and radicle as a strategy of tolerance to salinity (Lotfi et al., 2010b) . 2. Osmotic Homeostasis: Compatible Osmolytes. Our previous study revealed that the amount of proline in seeds of different genotypes of walnut, especially in semi-tolerant and tolerant genotypes, is high . Even prior to a drought period, the machinery for proline accumulation is most activated in seedlings of the tolerant genotypes 'Chandler' and 'Panegine 20'. These initial differences in proline content, observed among the genotypes at day zero, prior to application of WI, and notably high in 'Panegine 20' and 'Chandler', could be a natural adaptation to abiotic stress of the germplasm from which these genotypes were derived. Proline contents of both 'Chandler' and 'Panegine 20' were elevated and similar to each other early in the drought period, but at the end the proline content of 'Panegine 20' was higher than that of 'Chandler' (Lotfi et al., 2010a ). Proline appears to be a major osmotic regulator in 'Panegine 20' and 'Chandler' under drought stress. Also, our previous study demonstrated that in 'Panegine 403 20', contrary to 'Chandler', "ion osmosis" is another important osmotic regulator under drought and salt stress .
During 16 days of water stress, root proline content increased 1.48-fold in 'Panegine 20' and 1.38-fold in 'Chandler' seedlings. Similarly, leaf proline content increased 2.07 times in 'Panegine 20' and 1.50 times in 'Chandler' seedlings compared to the control plants. The increase in proline content was greater in 'Panegine 20' than in 'Chandler' and greater in roots than in shoots (Lotfi et al., 2010a) .
Total Soluble Sugars and Starch
Imposition of different polyethylene glycol treatments on promising genotypes of walnut seedlings significantly increased total soluble sugar content. Compared to the control, a drastic increase was observed in shoots and roots. Root content soluble sugar increased 1.65 times in 'Panegine 20' progeny and 1.70 times in 'Chandler', and shoot soluble sugar content increased 1.73 times in 'Panegine 20' and 1.60 times in 'Chandler' relative to control plants. Starch content significantly decreased in roots and shoots of both genotypes. Total starch content of roots decreased 49.46% in 'Panegine 20' and 38.18% in 'Chandler'. In shoot tissue, this decrease was 52.79% in 'Panegine 20' and 47.42% in 'Chandler' relative to the control plants (Lotfi et al., 2010a) .
Chlorophyll Pigments and Photosynthetic Activity
The Chl a and Chl b contents as well as the photosynthetic electron transport rate in leaves of stressed 'Lara' and 'Serr' seedlings decreased significantly at all drought and salt periods tested, but stressed 'Panegine 20' and 'Chandler' seedlings did not differ significantly from the controls in regards to these traits at any time during the applied stress. The decreases were more apparent with longer drought exposure time. The Chl a/b ratios remained constant in all cases and there were no significant differences observed within genotypes (Lotfi et al., 2010a) .
The stability of chlorophyll content and chlorophyll a/b ratio in 'Panegine 20' and 'Chandler' seedlings suggests that the pigment apparatus is comparatively resistant to dehydration in these tolerant walnut cultivars. Also Rosati et al. (2006) observed that Kaolin application to walnuts under water stress did not affect dark respiration rate, nor net CO 2 assimilation (A max )2500, but significantly reduced A max 2000/A max 2500 and apparent quantum yield, while the compensation point was significantly increased.
Total Phenols and PPO Activity
Under abiotic stress, the profile of total phenols and PPO activity was similar in both roots and leaves of all seedling genotypes subjected to salt and drought stress, but amounts of phenolics and levels of PPO activity were higher in leaves than in roots. A significant increase (25.3 and 38.4%) in total phenolic concentration was observed within 20 d of water deficit treatment in leaves of both 'Chandler' and 'Panegine 20' in contrast to a small and not significant increase in total phenolic concentration in seedlings of some cultivars, and especially in root tissues. A significant increase in PPO activity in water stressed leaves of 'Lara' and 'Serr' seedlings (112 and 76%) was apparent after 7 d of drought. In seedlings of these cultivars, PPO activity linearly increased until the Ψw was -1.84 MPa or more (during the 7 th d of drought period) and then remained constant. The changes in phenolic production and PPO activity observed in drought-stressed walnut seedlings show that seedlings of some cultivars, namely 'Lara' and 'Serr', are more sensitive to drought than those of the tolerant cultivars 'Panegine 20' and 'Chandler' (Lotfi et al., 2010b) .
Malondialdehyde (MDA) Content
MDA concentration changed with increasing salt concentration in the shoots of tolerant walnut seedling genotypes, decreasing slightly at 100 mM, but then increasing at 200 and 250 mM salt stress, suggesting that walnut shoots are better protected from oxidative damage under these higher levels of salt stress (Lotfi et al., 2010b) .
Polyamine Oxidase, Peroxidase and Catalase Activity
Polyamine oxidase (PAO) activity peaked in leaf tissues of 'Lara' and 'Serr' seedlings on the 5 th day of WI (24.56 and 19.78 mmol guaiacol/mg protein/min) simultaneously with increasing of polyphenol oxidase (PPO) activity. 'Panegine 20' and 'Chandler' seedlings did not show significant increases in PAO activity. In our study, the generation of reactive oxygen species (ROS) was tightly linked in sensitive genotypes to catabolism of polyamines (PAs) by PAO and decreased PAO activity coincided with accumulation of proline. PAO activity in drought tolerant seedlings under water stress was significantly lower than in sensitive seedlings, likely accounting for the higher accumulation of PAs in tolerant seedlings. Low PAO activity in the tolerant genotypes, and probable resulting polyamine accumulation, likely reflect a protective response to abiotic stress (Lotfi et al., 2010b) .
Lipoxygenase Activity
Lipoxygenases (LOX) activity in leaves of sensitive genotypes increased markedly by the 5 th d of WI and then continued to rise slightly. Also under salt stress conditions the same trends were observed for walnut seedlings. Leaves were the most affected by water deficit, showing a four-fold increase in LOX activity over control seedlings. LOX activities in root tissues were 1.7 and 1.6 times the control values at the maximum drought stress. Theoretically a high degree of lipid peroxidation could produce lipid derivatives to act as secondary messengers capable of activating drought stress associated genes through specific transcription factors, thereby triggering plant responses to desiccation . However, in this study a lower amount of the enzymatic protein was found in drought-stressed seedlings of 'Panegine 20' and 'Chandler' than in controls (Lotfi et al., 2010b) .
Superoxide Dismutase Activity
According to our previous study, superoxide dismutase (SOD) activity in leaves and roots of water-stressed 'Panegine 20' walnuts increased 58 and 29%, respectively, relative to controls. In 'Chandler' seedlings this increase was 51 and 33%. In 'Serr' seedlings, these declined 54 and 42% and in 'Lara' walnuts declined 67 and 53% respectively. In all cases, the increase in SOD activity in roots was less than in leaves.
The patterns of SOD, CAT, POD and APX (ascorbate peroxidases) activities were roughly parallel in all the tissues examined, showing a significant increase under salt and drought conditions in seedlings of tolerant walnut cultivars but at different levels among genotypes and plant issues. 'Panegine 20' and 'Chandler' seedlings showed the highest levels of anti-oxidative enzyme activity. The increases in APX and CAT activities in 'Panegine 20' seedlings were significant in leaf and root tissue and activity was greater in leaves than roots. In Chandler' seedlings, the increase in APX activity under WI was significant only in leaves. In 'Panegine 20' and 'Chandler' seedlings APX activity increased more than SOD or CAT activity under WI conditions. Activities of SOD, CAT and APX peaked at the 7 th d of WI, but POD activity climaxed on the 5 th d and was higher in 'Panegine 20' than in 'Chandler' (Lotfi et al., 2010b) .
The literature referenced here shows that differences in SOD, APX, POD, PPO, LOX, PAO and CAT activities among walnut genotypes could be attributed to differences in the mechanisms underlying oxidative stress injury and subsequent tolerance to abiotic stress. Genotypic differences in pigment content could be related to differences in antioxidative enzyme activity.
Biotechnology and Abiotic Stress Engineering in Walnut
In walnut, transgenic approaches to abiotic stress tolerance or resistance have not received much attention. In one of the first attempts, our team has transformed somatic embryos of Persian walnut with a fld gene isolated from a cyanobacteria. This gene controls expression of flavodoxin. The role of flavodoxin in response to salinity and osmotic conditions is reviewed in Dejahang (2012) .
Ferredoxins are very ancient proteins widely used by anaerobic organisms for many metabolic pathways. Ferredoxin (Fd) is up-regulated by light, indicating that under autotrophic growth, Fd is the normal electron carrier. As a replacement for Fd, the flavodoxin gene (fld) can be induced under various environmental stresses including oxidative stress in enterobacteria and salinity stress in cyanobacteria. Dejahang (2012) showed that transgenic plantlets of walnut expressing the fld gene clearly grow better on medium containing 200 mM NaCl than did the non-transgenic controls. The control plants did not produce any callus, turned brown, and died after 10 days, while transgenic lines showed no brown symptoms, produced callus, and continued their growth for up to 45 days on 200 mM NaCl. Compared to salt stress, the effects of PEG-induced stress were less severe. Transformation of walnut somatic embryos with badh gene which produces betaine aldehyde dehydrogenase as an osmolyte is now under study.
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